Dendrobium plants are one of the most valuable traditional Chinese medicinal herbs. Because of excessive exploitation and habitat degradation, Dendrobium species are endangered. Moreover, during no flowering stages, it is very difficult and even impossible to distinguish Dendrobium species based on morphological characteristics. Therefore, exploiting other DNA barcodes as complementary molecular marker for distinguishing Dendrobium spp. are necessary. Hence, developing an uncomplicated and exact method for authenticating Dendrobium spp. is imperative. In this study, nuclear ribosomal DNA internal transcribed spacer (ITS) sequences of 320 samples from 73 Dendrobium spp. were analyzed. The average intra-and inter-specific genetic divergences were 0.007 and 0.220, respectively. The TaxonGap method indicated that between-species variation of about 80.9% of the species were higher than within-species variation. The neighbor-joining tree showed that 73 Dendrobium spp. were divided into four major clades. Phylogenetic relationships between Dendrobium spp. supported traditional morphological methods and previously published molecular data. This study indicated that ITS region was not only suitable for species identification, but also for phylogenetic analysis of Dendrobium. However, it was also found that ITS could not readily resolve all species determination problems in Dendrobium.
Introduction
Dendrobium, which is one of the largest genera of Orchidaceae, includes more than 1500 species and is mostly distributed in New Zealand, eastern and northern region of Australia, and subtropical and tropical Asia (Takamiya et al., 2011; Feng et al., 2015a; Xu et al., 2015) . Dendrobium has important economic significance, and some species are very famous ornamental plants (Wang et al., 2009) . Moreover, the fresh or dried stems of Dendrobium species have the efficacy of maintaining gastric tonicity, enhancing production of body fluid, nourishing Yin, and antipyresis (Chinese Pharmacopoeia Committee, 2015) . About 40 Dendrobium plants were used as traditional Chinese herbs, and four kinds of Dendrobium (D. nobile, D. chrysotoxum, D. fimbriatum, D. officinale) are recorded in Chinese Pharmacopoeia (2015) . Due to over-exploitation, degradation and loss of habitat, many Dendrobium plants are under serious threat of extinction and are contained in Appendices I and II of Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES).
The unequivocal authentication of Dendrobium plants at species level is crucial to protect genetic resources, and assure quality, efficacy and security in clinical use (Puihaybut et al., 2005; Wang et al., 2009) . Morphological characters have traditionally been used to authenticate Dendrobium species. However, this method is often impacted and limited by phenotypic plasticity (Ding et al., 2009; Feng et al., 2015a; Lau et al., 2015) . Moreover, morphological features of many Dendrobium plants are very similar during the lack of flowering periods. Therefore, it is very difficult and even impossible to distinguish Dendrobium species using morphological taxonomy. Hence, developing an uncomplicated and exact method for authenticating Dendrobium species is urgent.
In the past decade, the rapid development of molecular biotechnology has allowed Chinese medical herbs to be identified. It has been proved that molecular markers, particularly DNA barcoding, were extremely powerful tool to differentiate closely related species. DNA barcode is an innovative technology to authenticate organisms based on a short DNA fragment. Due to several advantages, such as generality, simplification, high copy number, interspecific variability and intraspecific uniformity, the nuclear ribosomal DNA internal transcribed spacer (ITS) region has been recommended as an ideal DNA barcode candidate to authenticate Chinese herbal medicine (Selvaraj et al., 2012) .
Many researches have demonstrated that the identification of medicinal plants by using ITS regions was effective and accurate (Shiba et al., 2006; Kim et al., 2007; Lian et al., 2008; Feng et al., 2010) . The objectives of this study were a) to establish a fast, simple and reliable method for distinguishing Dendrobium species and b) to investigate their phylogenetic relationship.
Materials and Methods

Material Collection and DNA Extraction
In total 320 specimens from 73 Dendrobium species were analyzed. Among them, the fresh leaf materials of 26 Dendrobium samples were collected from Dendrobium forest tree germplasm repository of Longling County Research Institute of Dendrobium, which located in Longling county, Baoshan city, Yunnan province, China (Table 1 ). All other sample data were from GenBank (Table  S1 ). The gathered samples were stored in 4℃ with colorchanging silica gel for subsequent DNA extraction. All specimens were coded (Table 1) and reserved in the herbarium of Chengdu University of Traditional Chinese Medicine. Tiangen plant genomic DNA kit was used to extract genomic DNA. Extracted DNA was stored at -20℃ until required.
PCR Amplification and DNA Sequencing
The ITS sequences of 26 species of Dendrobium were amplified by the forward primer 5'-CGTAACAAGGTTTCCGTAGGTGAAC-3' and reverse primer 5'-TTATTGATATGCTTAAACTCAGCGGG-3' (Geng et al., 2015) . The 25 μL PCR amplification system included 12.5 μL 2 × Taq master mix buffer (Tiangen, China), 15 ng DNA per reaction volume as well as 1 pmol of each primer. PCR program was performed with 94℃ denaturation temperature for 4 min, followed by 35 cycles of 30 s at 94℃, 30 s at 54℃, 1 min at 72℃, and a final extension for 10 min at 72℃. After electrophoresis analysis, PCR products were sequenced bi-directionally by Invitrogen TM Life Technology.
Data Analysis
The forward and reverse sequences of ITS were spliced together with Contig Express program (Lu and Moriyama, 2004) . ITS, ITS1, 5.8S and ITS2 boundaries were confirmed by contrast with ITS region of Dendrobium retrieved from NCBI. The 26 ITS sequences obtained in this study were deposited in NCBI database. GenBank accession numbers were shown in Table 1 .
The multiple alignment of ITS sequences of 320 samples from 73 Dendrobium species was performed by Clustal X 1.8 (Thompson et al., 1997) and genetic distances were calculated using MEGA 7 (Kumar et al., 2016) . The number of polymorphic sites was estimated by DnaSP 5.10 (Librado and Rozas, 2009 ). The intra-specific genetic variation was assessed through analyzing average intra-specific distance, coalescent depth and theta. The inter-specific genetic divergence was determined through calculating average inter-specific distance, the minimum inter-specific distance and theta prime. The distributions of inter-vs. intraspecific variability were compared by DNA barcode gaps (Meyer and Paulay, 2005) . The ability of discrimination species was determined by TaxonGap v2.4.1 (Slabbinck et al., 2008) . The phylogenetic trees were constructed by MEGA 7 software using the neighbor-joining algorithm based on the K2P-distance matrices from with 1000 bootstrap replicates. Aphyllorchis montana (GenBank accession FJ454867) was used as outgroup for rooting the trees.
Results
ITS Sequence Characteristics
The length of 26 ITS sequences obtained in this study varied from 636 to 643 bp. Since the sequence of the 5.8S region is relatively conservative, it will not be analyzed. The lengths of ITS1 and ITS2 were in the range of 228-234 bp and 241-247 bp, respectively (Table 1) . Authentication of Dendrobium and Phylogenetic Study using ITS / Int. J. Agric. Biol., Vol. 00, No. 0, 201x Intra-and interspecific variations of Dendrobium plants were characterized by six metrics (average intraspecific distance, coalescent depth, theta, average interspecific distance, the minimum inter-specific distance and theta prime) (Meier et al., 2008) . The results indicated that intraspecific variations of ITS sequences were relatively smaller and inter-specific divergences were very obvious (Table 2) . Therefore, ITS region, which has more significant variations between species than within species, is a valid DNA marker to authenticate Dendrobium species.
Evaluation of Barcode Gap
The distribution of genetic distances showed that there was a slight overlap in intar/interspecific divergences (Fig. 1) .
The interspecific divergence that equaled to 0 was only 0.09% and the proportion <0.060 was only 3.30%. Moreover, most of the Dendrobium species were found to have a distinct ITS sequence. The result suggested that ITS had clear barcoding gaps and is suitable to identify Dendrobium plants.
Species Authentication Capability of ITS
The species identities of these sequences obtained in this 
Fig. 1:
Relative distribution of inter-specific divergence between congeneric Dendrobium species and intra-specific variation in the ITS region using K2P model Authentication of Dendrobium and Phylogenetic Study using ITS / Int. J. Agric. Biol., Vol. 00, No. 0, 201x study were ascertained by TaxonGap method. The result of TaxonGap method showed that the ITS regions of 61 species had adequate specificity to be distinguished from their neighbors (Fig. 2) . The result indicated that between-species divergence of about 80.9% of the species were bigger than within species divergence. Therefore, it is perorated that ITS region could be used as a DNA marker to discriminate Dendrobium plants. However, it has exceptions: 16.4% of the species (light grey bar) had similar sequences with their genetically close species for D. aurantiacum and D. aurantiacum var. denneanum, D. bellatulum and D. christyanum, D. catenatum and D. moniliforme, D. cariniferum and D. williamsonii, D. hercoglossum and D. linawianum, D. strongylanthum and D. monticola (Fig. 2) .
Phylogenetic Analysis
Phylogenetic tree of 73 Dendrobium species were divided into four clades (Fig. 3) 
Discussion
It is very important to develop a rapid and accurate identification method for protecting Dendrobium resources and assuring its clinical medication safety. In the study, we used ITS region to authenticate Dendrobium species with a large sample size. The results showed that ITS region of Dendrobium had enough variation, and it possessed a high capability of successfully distinguishing different species from Dendrobium. For instance, D. densiflorum and D. thyrsiflorum, which both belong to Sect. Chrysotoxae, have very similar morphological characteristics (Tsi et al., 1999) , but ITS region could accurately differentiate them. Breviflores, which were also very difficult to distinguish based on morphological characteristics (Tsi et al., 1999) hercoglossum and D. linawianum were so small that they failed to be discriminated by ITS. Furthermore, increasing species or sample set will probably increase the number of Dendrobium that cannot be distinguished by ITS. Thus, it is necessary to exploit other barcode loci as supplementary molecular marker to distinguish these species. Due to their vegetative similarity, abundant species and lapped morphologic variation within some species (Xu et al., 2015) , Dendrobium taxonomy is considered as the most complicated challenges in Orchidaceae (Feng et al., 2015b) . As the findings of other molecular researches, this study also found that infrageneric taxa of Dendrobium were not monophyletic (Xiang et al., 2013; Feng et al., 2015a, b) . Phylogenetic tree indicated that sect. Dendrobium was paraphyletic. Dendrobium chrysotoxum from Sect. Chrysotoxae, and sects. Stuposa and Breviflores clustered together with sect. Dendrobium, which strongly endorsed the opinion that they should be contained in sect. Dendrobium (Feng et al., 2015b) . Futhermore, D. catenatum was also grouped together with sect. Dendrobium. Therefore, we think D. catenatum should also be included in sect. Dendrobium. The neighbor-joining (NJ) tree also showed that these species of sect. Chrysotoxae formed two clades (1, 2), which indicated that sect. Chrysotoxae was probably polyphyletic, and this result was consistent with precious reports (Feng et al., 2015b) . It was reported that sect. Grastidium was monophyletic (Xiang et al., 2013) . However, NJ tree of this study showed that except for D. salaccense and D. somai from sect. Grastidium (clade 4), D. leptocladum was clustered together with sect. Dendrobium. The result suggested that sect. Grastidium might not be monophyletic.
Conclusion
In this study, ITS sequences of 320 samples from 73 Dendrobium species were analyzed. The application of DNA barcoding is very beneficial to safe use and protection of Dendrobium plants. In crux, ITS region was not only suitable for species identification but also for phylogenetic analysis of Dendrobium spp.
